Abstract Fusarium wilt, caused by Fusarium oxysporum f. sp. dianthi (Fod), is the most important carnation disease worldwide. The knowledge of the diversity of the soil population of the pathogen is essential for the choice of suitable resistant cultivars. We examined the genetic diversity of Fod isolates collected during the period 1998-2008, originating from soils and carnation plants in the most important growing areas in Spain. Additionally, we have included some Fod isolates from Italy as a reference. Random amplified polymorphic DNA (RAPD) fragments generated by single-primer PCR were used to compare the relationship between isolates. UPGMA analysis of the RAPD data separated Fod isolates into three clusters (A, B, and C), and this distribution was more related to aggressiveness than to the race of the isolates. The results obtained in PCR amplifications using specific primers for race 1 and race 2, and SCAR primers developed in this work, correlated with the molecular groups previously determined from the RAPD analysis, and provided new molecular markers for the precise identification of the isolates.
high level of pathogenic and genetic diversity. Garibaldi (1977) first reported Fod races 1 and 2 in Italy and France. Subsequently, six additional races (races 3 to 8) of Fod were reported (Aloi and Baayen 1993; Garibaldi 1983) , although race 3 was further reclassified as F. redolens f. sp. dianthi race 3. Finally, three new races were described for diseased carnations from Australia (race 9, Kalc Wright et al. 1996) and the Netherlands (races 10 and 11, Baayen et al. 1997) . Race 2 is the most widespread and has been found in all carnation-cultivation areas of the world (Aloi and Baayen 1993; Baayen et al. 1997) .
Distinction among different races of F. oxysporum f. sp. dianthi is usually done by means of pathogenicity tests on differential carnation cultivars. Genetic tools have been developed that allow identification of some of the races of Fod. Based on the preliminary evidence that repetitive DNA sequences homologous to transposable elements Fot1 (Daboussi et al. 1992) and impala (Langin et al. 1995) were distributed in a race-correlated pattern in Fod (Migheli et al. 1997) , Chiocchetti et al. (1999) designed three sets of primers that allowed identification of races 1 and 8, races 2, 5, and 6, and race 4, respectively. However, attempts to use those primers for race characterization of Fod isolates from Spain were contradictory or inconclusive (Suárez Bonnet 2007) .
In Spain, production of carnation is concentrated in the south of the country (the region of Andalusia), and represents 79% of the national production and 45% of the total world production (Anonymous 2006) . Fusarium wilt is the most important carnation disease, and in Spain susceptible cultivars suffer severe yield losses. Despite the extent and importance of carnation culture in Spain, local populations of F. oxysporum f. sp. dianthi have not yet been studied from a molecular point of view. Soil populations of Fod can be highly diverse, even within a single soil, and the knowledge of this diversity is essential for the choice of suitable resistant carnation cultivars in specific growing areas. In fact, recent observations have shown that considerable yield losses are becoming common in carnation cultivars previously described as resistant to fusarium wilt (Prados-Ligero et al. 2007 ).
On the basis of these precedents, we have considered two initial hypotheses: 1) the presence of a different genetic background in the Spanish Fod population could be the reason for the inconsistent results obtained with the specific primers of Chiocchetti; and 2) changes in the soil population of Fod could be occurring and causing the breakdown in resistance of carnation cultivars.
To test these hypotheses, we have examined the genetic diversity of a collection of Fod isolates obtained between 1998 and 2008, and originating from soils and carnation plants in the most important growing areas in Spain. To achieve this, we carried out RAPD amplifications of total DNA, SCAR amplifications, specific PCR amplifications of transposable elements and of transposon insertions, and pathogenicity tests on some commercial cultivars of carnation.
Materials and methods

Fungal isolates and culture media
A total of 107 Fusarium oxysporum f. sp. dianthi (Fod) isolates was used in this work (Table 1) . Of these, 79 isolates were sampled from 1998 to 2003 in different horticultural farms in the major carnationproducing areas in Spain (provinces of Seville and Cádiz), and had been characterized to race using pathogenicity tests on differential carnation cultivars (Prados-Ligero personal communication). Another 16 Fod isolates came from Italy and were used as reference of race 1 (R1), race 2 (R2), race 4 (R4), and race 8 (R8), and 1 isolate from the Netherlands was included as a reference of race 6 (R6). Finally, 11 new Fod isolates were recovered from the carnationproducing area in the province of Cádiz during 2008, and were subjected to molecular analysis without previous race identification by pathogenicity testing. Most of the isolates were recovered from soil and some from diseased carnation plants, using methods described by Leslie and Summerell (2006) . Isolates were grown as monoconidial cultures. Single conidia were obtained from 2% water agar plates, and transferred to V8-juice agar plates [20% of five vegetable juices (carrot, parsley, tomato, onion and celery), 0.03 M CaCO3, 0.03 M glucose + D, 0.2% yeast extract, 0.5% bacto oxgal (Oxbile), 2% agar, 0.2 mM tetracycline clorhydrate, 0.2 mM streptomycin sulfate, 1.3 mM pentachloronitrobenzene, in distilled water], and the cultures were grown for 7-10 days at 25°C. Isolates were stored as conidial suspensions in glycerol at −80°C. Fod 25, 26, 27, 28, 29, 34, 35, 36, 37, 38, 39, 40, 41, 44, 45, 46, 48, 49, 51, 55, 56, 57, 58, 59, 60, 61, 62, 63, 66, 70, 71, 72, 75, 76, 77, 85 Chipiona ( Genomic DNAs were extracted from mycelia of 6-to 7-day-old cultures of F. oxysporum f. sp. dianthi isolates by scraping off the surface of colonies developed on a cellophane disk placed on a PDA plate. 30 mg of the lyophilized mycelia were ground to a fine powder in 2-ml tubes with glass beads in MM 301 mixer mills (Retsch GmbH, Haan, Germany). DNA was extracted from the ground mycelia using the DNeasy Plant Mini Kit (Qiagen, Hilden, Germany), according to the manufacturer's instructions. DNA purity and concentration were determined by using a Nanodrop spectrophotometer (® ND1000 Thermo Scientific Waltham, MA, USA) and DNA solutions were stored at −20°C until used.
R2I
RAPD and specific-PCR amplifications
RAPD-PCR amplifications were carried out using 11 random primers corresponding to the OPB (OPB05, OPB06, OPB15, and OPB16), OPE (OPE05, OPE08, OPE11, OPE13, and OPE16), and OPH (OPH19, and OPH20) primer sets of Operon (Operon Technology, Alameda, CA, USA). Amplifications were performed in a total volume of 25 μl containing 2.5 μl of 10× PCR buffer (50 μM KCl, 10 mM Tris-HCl pH 9 [25°C], 1% v/v Triton X-100), 3 mM MgCl 2 , 0.5 μM primer, 0.2 mM each dNTP, 1 U of BioTaq DNA Polymerase (Bioline Ltd, London, UK) and 50 ng of fungal DNA. Reactions were carried out in a Techne TC-512 thermal cycler (Techne, Staffordshire, UK) programmed as follows: denaturation for 4 min at 94°C, followed by 30 cycles of 1 min at 94°C, 1 min at 37°C , and 2 min at 72°C, and a final extension step at 72°C for 6 min. All RAPD reactions were repeated at least twice, and reaction mixtures without DNA were used as negative controls in each case. Specific-PCR amplifications were carried out with primer set Ft3/R2.1, that generates a 564-bp amplicon with R2, R5 and R6 isolates, and with primer set Ft3/R8.1, that generates a 295-bp amplicon with R1 and R8 isolates (Chiocchetti et al. 1999 ) ( Table 2 ). The presence of the transposable element Fot1 was tested using primer FOT1 (Daboussi et al. 1992) (Table 2) .
Conditions for specific-PCR reactions were: denaturation for 5 min at 94°C, 30 cycles of 30 s at 94°C, 30 s at 65°C (with Ft3/R2.1 and Ft3/R8.1 primers) or 45 s at 67°C (with FOT 1 primer), and 1 min at 72°C, followed by a final extension at 72°C for 10 min.
Multiplex PCRs were performed in 25-μl reaction volumes containing 2.5 μl of 10x PCR buffer, 2.5 mM MgCl 2 , 0.4 μM R2.1 and Ft3 primers, 0.25 μM R8.1 primer, 0.2 mM each dNTP, 1 U of BioTaq DNA Polymerase (Bioline Ltd, London, UK) and 50 ng of fungal DNA. Reaction conditions were the same as for the specific-PCR amplifications except that the annealing step was at 61°C for 30 s. Specific-PCR reactions were also carried out with two pairs of oligonucleotide primers (R2.IIf/R2.IIr and IntR2.IIf/IntR2.II) (Table 2) designed from the 
a ( ) Size of the polymorphic amplicon obtained with R1II and R2II isolates sequence of a Fod R2II-associated RAPD fragment. Amplification reactions for SCARs were performed in 25-μl reaction volumes containing 2.5 μl of 10× PCR buffer, 2.5 mM MgCl 2, 0.25 μM primer, 0.2 mM each dNTP, 0.75 U of BioTaq DNA Polymerase (Bioline Ltd, London, UK) and 50 ng of fungal DNA. Reaction conditions were as follows: denaturation for 4 min at 94°C, 30 cycles of 1 min at 94°C, 1 min at 53°C (primer pair R2.II) or 56°C (primer pair IntR2.II), and 1 min at 72°C, followed by a final extension at 72°C for 6 min. All PCR reactions were carried out in a Techne TC-512 thermal cycler and were repeated at least twice. Reaction mixtures without DNA were used as negative controls. Amplification products were separated by electrophoresis on 1.8% or 2.4% agarose gels using 1x TAE buffer (Sambrook et al. 1989) . Gels were stained with ethidium bromide and scanned into a computer imaging file (Uvidoc, Vilbert Lourmat, France).
Scoring of RAPD fragments and data analysis
RAPDs generated by single-primer PCR were used to compare the relationship between Fusarium oxysporum f. sp. dianthi isolates previously characterized to race by pathogenicity test. An isolate of Fusarium oxysporum f. sp. chrysanthemi was used as outgroup. Bands were scored for presence or absence with '1' or '0', respectively. A binary matrix combined all the data records for the 97 isolates and the selected random primers. The TREECON software (Van de Peer and De Wachter 1994) was used to analyse the data, and a phylogenetic tree was produced with simple matching and unweighted paired group method with arithmetic averages (UPGMA). A bootstrap analysis of 1,000 permutations was performed.
Cloning and sequencing
Selected RAPD or specific-PCR DNA fragments were purified from agarose gels using the Favorprep GEL/PCR Purification Mini Kit (Favorgen, Kaohsiung 802, Taiwan). The purified RAPD fragment was cloned into the PCR 2.1-TOPO vector of the TOPO-TA Cloning kit (Invitrogen, Carlsbad, USA), according to the manufacturer's instructions. Recombinant plasmids were screened for insert size, and plasmid DNA from the correct insert-containing clone was extracted using the Qiagen Plasmid Minikit (Qiagen, Hilden, Germany). Cloned RAPD fragment and purified specific-PCR fragments were sequenced in both directions by NBTNewbiotechnic (Seville, Spain) using an automated DNA sequencer model 3100 (Applied Biosystems, Foster City, CA, USA). The partial sequences were aligned using the program DNA Star V2.71.0 (DNASTAR Inc., Madison, Wisconsin), and manual adjustments were performed by using the ClustalW2 program (www.ebi.ac.uk/Tools/clustalw2/index.html). Two pairs of specific-PCR primers (R2.II and IntR2. II) were designed from the sequence of the R2II-associated RAPD fragment.
Pathogenicity tests
To obtain the inoculum, fungal colony disks (1 cm diameter) from monoconidial cultures on PDA were transferred to flasks (four disks per flask) containing , and incubated for 7-10 days in an orbital shaker at 150 rpm, 24°C, and 12 h day/ 12 h night. The inoculum was filtered through two layers of sterile gauze and diluted in sterile distilled water to give suspensions of 1×10 6 conidia/ml. The conidial suspensions were used to inoculate carnation cuttings (4 weeks old) by root dipping for 30 min. Inoculated cuttings were individually planted in pots with a mixture of sand: silt: peat (2:2:1 by volume), and maintained in a growth chamber at 22±1°C, 70% relative humidity and a 14-h photoperiod of fluorescent light at 360 μE m −2 s −1 . Six plants (replicates)
were inoculated for each cultivar/isolate combination. Fusarium wilt symptoms were evaluated every 3 days for 3 months using the scale: 0 = no symptoms; 1 = chlorosis and/or wilt restricted to basal leaves; 2 = chlorosis and/or wilt extending beyond the basal leaves; 3 = chlorosis and/or wilt of a third to half of the plant; 4 = chlorosis and/or wilt symptoms reaching the upper part of the plant, and 5 = dead plant. Each experiment was repeated a second time.
The area under the disease progress curve (AUDPC) was calculated by the trapezoidal integration method (Campbell and Madden 1990 ) and expressed as a percentage of the maximum area for each pathogenicity test. Analysis of variance (ANOVA) was used to analyse AUDPC, and significant differences among means for disease severity values with each isolate were determined using the Fisher's Least Significant Difference (LSD) test and Tukey's Honestly Significant Difference (HSD P ≤0.05). ANOVA analysis was performed using the Statistix program (Version 9.0 for Windows. Analytical software 1985 Analytical software -2008 .
Results
RAPD-PCR analysis
RAPD-PCR amplifications were carried out using 11 random primers and purified DNA from 79 Fod isolates from Spain collected between 1998 and 2003 (Table 1) , as well as with DNA from 17 isolates originating from Italy and the Netherlands (Table 1 ). All these isolates had been characterized to race by pathogenicity tests. For comparative reasons, we also included DNA from some other Fusaria and other genera in our collection (37 additional isolates, not shown). Four (OPH19, OPH20, OPE11 and OPE16) ( Table 2 ) out of the eleven assayed primers produced reproducible polymorphic RAPD profiles, with a variable number of amplified DNA fragments ranging from 22 to 32. The first amplification with primer OPH20 revealed two RAPD patterns among race 2 isolates (Fig. 1) , and this information was used to reorganize isolates for subsequent amplifications. Results obtained in amplifications with the other three selected random primers (OPH19, OPE11, and OPE16) confirmed the observed differences among race 2 isolates. These two groups within race 2 Fod isolates from Spain were designated as R2I and R2II.
A total of 108 DNA fragments was scored for presence or absence, and 76 of them were polymorphic. UPGMA analysis of the RAPD data separated the Fod isolates into three clusters (A, B, and C) (Fig. 2) . Cluster A included all R2I isolates from Spain and all R2 isolates from Italy. On the other hand, cluster B comprised all R2II isolates from Spain. Race 1 isolates were distributed among all the three clusters (Fig. 2) . Two race 1 isolates from Italy (Fod 103 and 104) grouped with R2I isolates in cluster A and were named R1I isolates. Four race 1 isolates (Fod 1, 6, 79, and 102), all from Spain, grouped in cluster B close to R2II isolates and were named R1II isolates. The remaining race 1 isolates (Fod 86, 87, 97, and 98), originating from Spain and Italy, grouped in a separate cluster (C), and were named R1-type isolates.
Specific-PCR amplifications and sequencing of polymorphic amplicons
To test the usefulness of primer pairs Ft3/R2.1 and Ft3/R8.1 (Table 2 ) previously designed to identify Fod R2 and Fod R1 isolates, respectively (Chiocchetti et al. 1999), we used them in specific PCR reactions with DNA from all Fod isolates in our collection. Results obtained supported the separation of Fod R2 isolates from Spain into two molecular groups, and also the existence of three molecular groups within R1 isolates. When specific primer pair Ft3/R2.1 was used, DNAs from Fod R2 isolates in group I amplified the expected 564-bp product, but DNAs from Fod R2 isolates in group II did not give any product of amplification ( Fig. 3a and Table 1) .
Unexpectedly, isolates Fod 103 and Fod 104 from Italy, previously characterized as race 1, also Fig. 1 RAPDs generated by primer OPH20 using DNA from Fusarium oxysporum forma specialis dianthi isolates previously characterized as race 2 by pathogenicity test. Lane M: 0.1 Kb DNA ladder XIV (Roche Diagnostics, Mannheim, Germany). Lanes R2I = RAPD pattern associated with race 2 isolates in molecular group I. Lanes R2II = RAPD pattern associated with race 2 isolates in molecular group II. Polymorphic bands are in boxes amplified the 564-bp fragment associated with race 2 isolates in group I (Fig. 3a and Table 1 ). On the other hand, results obtained with race 1-specific primer pair Ft3/R8.1 varied depending of the R1 molecular group and, moreover, contributed to discriminate the two groups established among R2 isolates from Spain. Amplification with this primer pair and DNA from R1-type isolates produced the expected 295-bp amplicon, but when DNA from R1 isolates in cluster B (R1II isolates) was used, the amplicon obtained was larger (311 bp) ( Fig. 3b and Table 1 ). Once again, R1 isolates Fod 103 and Fod 104 from Italy (R1I isolates) appeared molecularly different compared to the rest of the R1 isolates and did not amplify any of these PCR products ( Fig. 3b and Table 1 ). The 311-bp fragment associated with R1II isolates was also amplified from R2II isolates (Fig. 3b and Table 1 ). Representatives of the 295-bp and 311-bp amplicons obtained from a selection of R1-type (Fod 86 and Fod 98), R1II (Fod 6 and Fod 102), and R2II (Fod 22 and Fod 65) isolates, were purified and sequenced. The sequencing of the R1-type-associated amplicon showed that the DNA fragment was 294 bp instead of 295 bp, and that the length and sequence were identical in the Spanish (Fod 86) and the Italian (Fod 98) isolates. Comparison between the 294-bp and 311-bp amplicons showed that the increment in the number of base pairs was due to the insertion at position 259 of a 17-bp fragment containing 7 consecutive guanines (CAGGGGGGGTCGGTTAC) (Fig. 4) .
All Fod isolates in the collection were also analysed using specific primer FOT1 (Table 2) , complementary to the inverted terminal repeats of transposon Fot1 (Daboussi et al. 1992) . Results showed that the transposable element was present in all R1 and R2 Fod isolates, with the only exception of three R2II isolates (Fod 11, Fod 20, and Fod 84). There were DNA samples from five more isolates in R2II that did not amplify the Fot1 sequence, but this result should be observed with caution as, although we checked that the DNA was of PCR-quality, these samples did not amplify any of the molecular markers considered in this study (Table 1) .
Multiplex-PCR assay
A multiplex-PCR assay was developed using the three race-associated primer pairs in the same reaction tube and genomic DNA from representatives of race 1 (groups I and II, and R1-type), and race 2 (groups I and II). A single PCR product was generated in each case, and differences in the molecular weight of the amplicons allowed the race-group assignation of each isolate (Fig. 5) . The amplicon obtained was of 294 bp with DNA from R1-type or R8 isolates, of 311 bp with DNA from R1II and R2II isolates, and of 564 bp with DNA of R1I and R2I isolates (Fig. 5) . Therefore, the multiplex-PCR assay enabled us to clearly identify R1-type isolates, R1 or R2 isolates in group I, and R1 or R2 isolates in group II, with a single PCR reaction.
Development of R2II-associated SCAR primers A 2.6-kb RAPD fragment, amplified by primer OPE11 and specifically associated with R2II isolates, was purified and cloned, and the insert in the selected plasmid was sequenced. From the sequence, two primer pairs were designed (R2.II and IntR.2II) that were further used in single-PCR assays. Amplification with primer sets R2.IIf/R2.IIr and IntR2.IIf/IntR2.IIr Fig. 2 Cluster analysis of the RAPD data from 96 Fusarium oxysporum forma specialis dianthi isolates with simple matching and UPGMA. An isolate of Fusarium oxysporum forma specialis chrysanthemi (Foch3) was used as outgroup. R: race assignment by pathogenicity test. G: molecular groups determined from the RAPD analysis. Bootstrap values greater than 40% (1,000 replications) are indicated at the nodes Fig. 3 Amplification products obtained with a) race 2-specific primer pair Ft3/R2.1, and b) race 1-specific primer pair Ft3/ R8.1, using DNA from Fusarium oxysporum forma specialis dianthi isolates representative of the different race groups derived from the RAPD analysis. Lanes: a) 1: R2I produced amplicons of 1,687 bp and 542 bp (Table 2) , respectively, when they were used with DNA from Spanish Fod isolates in R2II, but not when they were used with DNA from Spanish Fod isolates in R2I (Fig. 6 GGCGATCTTGATTGTATTGTGGTGGATGGGAAAAGTAGCTCTGAGTCGGAGGAAGATCCAGCCTCTGTGCGCCGATCAACC 81 ******************************************* ****************** **************** CGCGTCAGGCGGCCTACAAAAAGGTATATTAGACAGGATTTGAGTAGCGAAGAGAGCGATTGAGAGACTTCTAAATACCAA 162 *************************************************** **** ************* ******** GTTCTCTGCATTTTTAGCTATTTATTTGACAAAGTTGTGTTAAAATATTGTAAATAGATCGATGGATTTTCTGGGTCTTGC 243 ************ *********************************************************** ******* Fod 86 R1t
NGATGGGTCG AGATGGGTCGGTTACCAGGGGGGGTCGGTTACATGGGTGCTTGACTTAATCGCAAACCGACTTCATCG 311 ********* ***************************************** and Table 1 ). Additionally, primer pair R2.IIf/R2.IIr also produced a fragment shorter in length, 1,400 bp instead of 1,687 bp (data not shown in Fig. 6 ) with DNA of R1-type isolates (Table 1) .
-----------------GTTACATGGGTGCTTGACTTAATCGCAAACCGACTTCATCG 294 Fod 98 R1t NGATGGGTCG-----------------GTTACATGGGTGCTTGACTTAATCGCAAACCGACTTCATCG 294
Pathogenicity tests
Two pathogenicity tests were performed. The first one had the objective of determining possible biological differences, in terms of virulence, between the two molecular groups established from the RAPD analysis among Fod R2 isolates from Spain. For this, selected carnation cultivars with different degrees of tolerance to the race 2 of Fod were inoculated with two representatives of each R2 molecular group, as described in the Materials and Methods. Severity of disease symptoms caused by isolates in each group was different and depended on the tolerance of the carnation cultivar inoculated (Table 3) . When low-tolerant carnation cultivars (Anabel and Belen) were used, symptoms caused by isolates in group I were significantly more severe than those caused by isolates in group II (Table 3) . On the contrary, when high-tolerant carnation cultivars (Arcos and Celebration) were inoculated, differences observed between symptoms caused by isolates in the two groups disappeared (cv Celebration) or were minimal (cv Arcos), and severity symptoms were always weak (Table 3) . A second pathogenicity test was designed to confirm differences in pathogenicity between R2 isolates in different molecular groups (group I and group II), but also to determine possible differences among R1 isolates in different molecular groups (R1-type, R1I, and R1II). In this case we used six additional carnation cultivars with different levels of tolerance to the races R1 and R2 of Fod (Table 4) . Plants were inoculated with three representatives each from the R2I and R2II groups, and with a representative of each of the three R1 molecular groups (R1-type, R1I, and R1II) ( Table 4) . Results obtained confirmed differences in virulence between R2 isolates in group I and group II, and also detected differences in virulence between isolates in each R1 molecular group (Table 4) .
Cultivars Autumn, Baltico, Master, and Solar showed significantly more severe disease symptoms when they were inoculated with isolates in group I than with isolates in group II, irrespective of the pathogenic race (race 1 or race 2). In the case of cultivars Autumn and Baltico, both resistant to race 1, symptoms were almost null when the plants were inoculated with R2II isolates, but the plants died when inoculated with R2I representatives (Table 4) . Cultivars Master and Solar, both susceptible to races 1 and 2 of Fod, showed similarly strong disease symptoms when inoculated with R1-type, R1I or R2I isolates, but symptoms were extremely mild when inoculated with R1II or R2II isolates. New Elsy was the only cultivar that showed similar disease severity values to the inoculation with R2I and R2II isolates, and proved very susceptible to the R1-type isolate, but not to R1I and R1II isolates (Table 4) . Finally, disease severity values obtained with cultivar Ambar did not allow differentiation among isolates of the different groups. With both pathogenicity tests, results obtained in the repetitions were consistently the same.
An additional pathogenicity test was performed to find a differential cultivar for R2II isolates. In this test we used 32 new carnation cultivars that were inoculated with two representatives of each R2 group. None of the cultivars tested was resistant to R2I isolates and susceptible to R2II isolates (results not shown).
Reliability of race characterization by molecular analysis Usefulness of molecular markers described in this work for the race-group identification of Fod isolates was validated in a double-blind test using four new Fod isolates (Fod 108, Fod 110, Fod 113, and Fod 114) sampled in 2008 (Table 1) . Each isolate was first typed by specific-PCR analysis using primers Ft3/ R2.1, Ft3/R8.1, FOT1, R.2II, and IntR.2II, and assigned to a race and molecular group on the basis of the amplicons obtained (Table 5) . Then a pathogenicity test was performed using differential cultivars Baltico (resistant to all race 1 isolates -R1t, R1I, and R1II-, and to R2II isolates, and susceptible to R2I isolates) and Master (slightly susceptible to group II isolates -R1II, and R2II-, and very susceptible to R1t, and to group I isolates -R1I, and R2I). Results from both assays indicated a 100% match in the racegroup characterization of each isolate (Table 1) . Use of these molecular markers also allowed the detection of a case of race misclassification in the initial Fod collection. That was the case of isolate Fod 88, initially classified by pathogenicity as a race 1 isolate, but molecularly identified as a race 2 (group I) isolate. The mistake in the initial classification was confirmed by means of a new pathogenicity test and the isolate was reassigned to its correct race group.
Discussion
Molecular analysis of Spanish isolates of Fusarium oxysporum f sp. dianthi (Fod) has revealed a complex scenario. Comparison between race 1 (R1) and race 2 (R2) isolates from Spain and representatives of the same races from Italy has shown that: a) genetic diversity exists in the previously defined race 1 (R1) and race 2 (R2) of the pathogen; b) the Spanish Fod R2 population analyzed is more diverse than the Italian one described in other works; and c) this genetic diversity corresponds to differences in aggressiveness. The random amplification procedure (RAPD-PCR) has shown efficiency in evaluating clustering within the Fod population, as previously described for other F. oxysporum formae speciales (Alves-Santos et al. 2007; Jiménez-Gasco et al. 2001) , other Fusarium species (Kerényi et al. 1997) , and other genera (Pérez-Artés et al. 2000) . UPGMA analysis of the RAPD data separated Fod isolates into three clusters (A, B, and C), and this distribution was more related to the aggressiveness than to the race of the isolates. Results from the first pathogenicity test showed that isolates of races 1 and 2 in cluster A (R1I, and R2I isolates), and cluster C (R1-type isolates) were all highly aggressive, whereas isolates of races 1 and 2 in cluster B (R1II and R2II isolates) showed a low aggressive profile.
In their previous work, Chiocchetti et al. (1999) designed two pairs of specific primers for the identification of R1 and R8 Fod isolates (Ft3/R8.1), and of R2, R5 and R6 Fod isolates (Ft3/R2.1). Previous attempts to use these primer sets for the race characterization of Fod isolates from Spain yielded contradictory or inconclusive results (Suárez Bonnet 2007), probably because there was no knowledge about the existence of intra-race diversity in Fod. We have been the first to test these specific primers with a collection of Fod isolates from Spain taking into account the grouping of Fod isolates derived from the RAPD analyses, and the results obtained correlate with this grouping. Chiocchetti et al. (1999) designed these R2-and R1-specific primers from the sequence of the transposon Fot1, and the sequence of its region of insertion. Previously, they assumed that Fot1 is inserted in a unique region in the genome of Fod, and that this region is different for each R2 and R1 race (Migheli et al. 1997) . Our results suggest that this association does not always match and that transposition of the Fot1 element in the genome of Fod could be related not only to race but also to aggressiveness. For example, in the case of R1I isolates Fod 103 and Fod 104, positive amplification with primers Ft3/R2.1 demonstrated that the transposable element Fot1 is inserted in the same genomic region as in R2I isolates. Both Fod 103 and Fod 104 are highly aggressive isolates, similar to isolates in R2I, but they can undoubtedly be distinguished from R2I isolates by pathogenicity tests on differential carnation cultivars Autumn or Baltico.
Another case that supports this hypothesis is that of R2II isolates. They constitute a particular group of R2 isolates with low aggressiveness. Unexpectedly, they do not give any amplification product with the race 2-specific primers Ft3/R2.1, although all of them have the Fot1 element. An explanation to this could be that the transposon has moved and inserted itself into a different region in the genome. All of these examples suggest that transposition of the Fot1 element could be related to the gain or loss of virulence in Fusarium oxysporum f. sp. dianthi.
Use of SCAR primers (R2.IIf/R2.IIr and IntR2. IIf/IntR2.IIr), designed for the specific identification of R2II isolates, proved to be efficient for distinguishing this group of isolates from the other group (R2I) of race 2 isolates from Spain, but also for distinguishing isolates of R2I from Spain from isolates of R2I from Italy. Additionally, primer pair R2.IIf/R2.IIr produced a 1,400-bp fragment with DNA of R1-type isolates from Spain or Italy, but not with DNA of the other race 1 groups (R1I or R1II), thus contributing to the molecular identification of the R1-type group.
To summarize, polymorphisms found among Fod isolates in the same race but of a different molecular group, using the previously published specific primer pairs and the SCAR primer pairs designed in this work, reinforce the RAPD results and provide new molecular markers for the precise identification of the isolates. In combination, these molecular markers allow not only a distinction between different molecular groups in races R1 and R2 of Fod, but also between isolates of race 2 from Spain and Italy in the same molecular group.
Results from successive pathogenicity tests showed that molecular differences between isolates of the same race corresponded with differences in aggressiveness. The first pathogenicity test assigned a highaggressiveness profile to isolates of race 2 in molecular group I, and a low-aggressiveness profile to isolates of race 2 in molecular group II. Isolates of R2II were all collected between 1998 and 2000, whereas isolates of R2I were mostly recovered after the year 2000, although some of them had also been collected in 1998 and 1999. It is known that fresh isolate strains are more likely to have retained pathogenicity and aggressiveness than those that have been kept a long time in culture collections (Windels 1992) . For this reason, in the second pathogenicity test we included isolates from both molecular groups collected in the same year. Results demonstrated that, irrespective of the time they had been maintained in collection, the aggressiveness of isolates in group I was always significantly higher than that of isolates in group II. Therefore, the observed differences do not appear to be related to the loss of aggressiveness resulting from long-term preservation. Carnation cultivars used in the second pathogenicity test confirmed differences in virulence between R2 isolates in group I and group II, but also distinguished between R1I and R1-type isolates (case of cultivar New Elsy), and allowed pathogenic distinction between the molecularly indistinguishable R1I and R2I isolates (case of cultivars Autumn and Baltico). The possibility that group II of race 2 were a different race, has been considered from the beginning. However, our attempts to find a differential cultivar have been unsuccessful up until this point in time (results not shown), and therefore we can only state that groups I and II are two groups of virulence within race 2.
The usefulness of the molecular markers described in this study has been proved in double-blind tests with Fod isolates collected in 2008. These isolates were molecularly analyzed and assigned to a certain race group, and this assignation was later confirmed by pathogenicity tests. There was always a 100% match between results obtained in both ways. Use of these molecular markers also allowed the detection of a case of race misclassification in the initial Fod collection.
Diversity found in the Spanish R1 and R2 Fod isolates is higher than that previously described for other Fod populations (Garibaldi 1983; Garibaldi and Gullino 1987; Chiocchetti et al. 1999; Aloi and Baayen 1993; Garibaldi 1983; Kalc Wright et al. 1996; Baayen et al. 1997; Lori et al. 2004) . Nevertheless, using the molecular markers described in this work we have detected diversity among the Italian race 1 isolates analyzed, so that they can be classified into two molecular groups (R1I and R1-type). Moreover, R2 isolates from Italy, all of them in the R2I race group, seem to be molecularly different from the Spanish R2I isolates, because most of them amplify the R2II-associated specific amplicons with the SCAR primers. Results of Prados-Ligero et al. (2007) , testing the resistance of different carnation cultivars inoculated with Italian isolates of Fod, demonstrated that different isolates of the same race (R1 or R2) caused different reactions (R or S) on the same cultivar, thus suggesting the existence of pathogenic/genetic diversity in races R1 and R2 from Italy. Our results support this hypothesis and demonstrate that genetic diversity exists at least within race 1 isolates from Italy. However, further work using a larger number of isolates will be needed to better determine diversity in the Fod population from Italy.
Comparison between isolates collected in 1998 and 2008 in the same geographical area clearly shows that the composition of the Fod population has changed. Observations from field surveys suggest a strong influence of host genotype in the evolution of pathogen populations (Kolmer 1989; Ferguson and Carson 2007) . In the case of the Spanish Fod population, the initially preponderant R2II group, constituted by isolates that show low aggressiveness against the carnation cultivars currently used by farmers, was not detected in 2008 and seems to have been replaced by the R2I group, composed of highly aggressive isolates that are probably more adapted to the new carnation cultivars. The race 1 population also changed during this period. In 1998 the number of R1 isolates recovered was very low and all of them were of the R1II group. However, in 2008 the number of R1 isolates was similar to that of R2, and at that moment all of the R1 isolates recovered were of the R1-type group. Adaptive evolutionary shifts of pathogen populations in response to variation in host genotype have been observed in many agricultural pathogenhost interactions, e. g., F. oxysporum f. sp. lycopersici on tomato (Gale et al. 2003) , F. oxysporum f. sp. vasinfectum on cotton (Wang et al. 2010) and Phytophthora infestans on potato (Montarry et al. 2008 ). In the current study, variation in the F. oxysporum f. sp. dianthi population suggests that the change in the commercial carnation cultivars used by growers could have directed the change in the diversity of the pathogen population in the soil, favouring the more adapted (more aggressive) groups of isolates.
These findings demonstrate the importance of monitoring the evolution of the Fod populations and of determining not only the race but also the molecular group that is present in the soils within the carnation growing areas. The use of the molecular markers described in this study could provide valuable assistance to this effect. This in turn will favour the development of more effective control measures against the disease, and most importantly those measures which are based on the use of carnation cultivars that are resistant to fusarium wilt.
